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Abstract: Four sapropel layers (S1, S3, S4, and S5) are identified in five 6–10-m-long piston cores collected from the Aegean Sea basins.
A chronostratigraphic framework is established for the last ~130 ka using benthic and planktonic foraminiferal oxygen isotope curves,
total organic carbon contents, volcanic ash layers, and limited radiocarbon dates. These data show that the onsets of sapropels S3, S4,
and S5 in the Aegean Sea basins were not synchronous, highlighting the heterogeneity of the Aegean Sea basins in terms of rapid versus
lagged responses to changing ocean-climate boundary conditions. In all cases, however, the development of sapropels S3, S4, and S5
in the Aegean Sea predate their counterparts in the eastern Mediterranean by several hundred to several thousand years. The onsets
of sapropel deposition were abrupt, but sapropel terminations were more gradual, controlled both by the amplitude of paleoclimatic
changes and the physiography/location of the basins.
Key words: Sapropel, oxygen isotopes, chronology, Aegean Sea, volcanic ash

1. Introduction
Pleistocene sediments of the eastern Mediterranean
Sea contain multiple dark organic carbon-rich layers
(sapropels) that have been extensively studied since their
first discovery during the Swedish Deep Sea Expedition in
1947 (Kullenberg, 1952). Various methods are proposed
for the classification of sapropels and sapropelic muds,
which are all based on sedimentary organic carbon
content (Table 1). It is difficult to apply these rigid
quantitative classifications to most sapropels because
organic carbon content of a lithological unit can internally
vary significantly, rendering one part of the unit being
classified as sapropel, but the rest as sapropelic mud or
nonsapropel. Therefore, a more reasonable approach is to
compare and contrast the organic carbon content of a unit
with the overlying and underlying sediments.
Sapropels and sapropelic muds represent times when
the input of organic carbon exceeded its removal by
oxidation (Emeis et al., 2003; Meyers and Arnaboldi,
2008). This could happen when anoxic/dysoxic bottomwater conditions develop, preventing the oxidation of the
total organic carbon (TOC) on the sea floor and/or when
the surface-water productivity increases significantly so
that the input of organic matter to the sea floor exceeds
* Correspondence: aaksu@mun.ca

its removal by oxidation. None of these situations exist
in the present-day eastern Mediterranean Sea: the
surface sediments generally contain <0.1%–0.2% TOC
by weight. The primary mechanisms leading to sapropel
deposition are still not entirely understood, although it
is generally accepted that (1) they coincide with times
of astronomical precessional minima, which are often
associated with increased primary productivity, and (2)
modified hydrographic settings associated with enhanced
precipitation and continental runoff generally took place
during their formation (e.g., Rossignol-Strick et al., 1982,
Rossignol-Strick, 1985; Rohling and Hilgen, 1991). Both
of these observations point to a primary climatic control
on sapropel development.
In the past, chronostratigraphic reconstructions of the
Pleistocene marine sapropel-bearing sequences were solely
based upon radiometric dating and graphic correlation
with similar sequences elsewhere (Prell et al., 1986; Cramp
and O’Sullivan, 1999; Geraga et al., 2000). In recent years,
the chronology of the eastern Mediterranean sapropels
has been related to astronomical forcing of the climate
and individual sapropels were correlated with times when
perihelion falls in the boreal summer (i.e. precessional
minima), resulting in a summer insolation maximum in
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Table 1. Total organic carbon contents (weight %) of sapropels and sapropelic muds (italic entries)
as defined by various workers in the Mediterranean and Black seas.
Mediterranean Sea
Kidd et al. (1978)

>2%

0.5%–2%

Black Sea
-----

-----

Fontugne and Calvert (1992)

>1%

>0.5%

-----

-----

Murat and Göt (2000)

>1%

-----

-----

-----

Calvert and Karlin (1998)

-----

-----

5%–20%

2%–5%

the northern hemisphere (Rossignol-Strick, 1983; Hilgen,
1991b; Kucera et al., 2010; Hilgen et al., 2014).
A 13.5-m-long piston core collected from the Cretan
Trough (LC21; Figure 1) provides a continuous and one
of the best studied paleoclimatic and paleoceanographic
records of the southernmost Aegean Sea, including

sapropels S1 through S5 (Casford et al., 2002, 2003;
Marino et al., 2009; Grelaud et al., 2012). Despite the
fact that there are numerous studies across the central
and northern portions of the Aegean Sea dealing with
the paleoclimatic and paleoceanographic evolution of
the region since the last glacial maximum (Casford et al.,
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Figure 1. Morphological map of the Aegean Sea and surroundings, showing the
locations of cores used in this study, the location of the long piston core LC21 (discussed
in the text), and major rivers. Bathymetric contours are at 200-m intervals, and darker
tones in the Aegean Sea indicate greater water depths. NSB = North Skiros Basin, EB
= Euboea Basin, MB = Mikonos Basin, NIB = North Ikaria Basin, SIB = South Ikaria
Basin. Core names are abbreviated: 02 = MAR03-02, 03 = MAR03-03, 25 = MAR03-25,
27 = MAR03-27, 28 = MAR03-28. Elevation scale in kilometers.
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2002; Geraga et al., 2005, 2008, 2010; Triantaphyllou et
al., 2009), limited information exists regarding sediments
that are older than 20–28 ka. The purpose of this paper
is to document the occurrences and chronostratigraphic
framework of sapropels S1, S3, S4, and S5 in several piston
cores collected from the central Aegean Sea.
2. Physiography of the Aegean Sea
The Aegean Sea is an approximately 610-km-long and
300-km-wide shallow and elongate embayment situated
in the northeastern Mediterranean Sea between western
Turkey and mainland Greece (Figure 1). To the northeast,
it is connected to the Black Sea through the straits of
Dardanelles and Bosphorus and the small land-locked
Marmara Sea. In the south, the Aegean Sea communicates
with the eastern Mediterranean Sea through several broad
and deep straits located between (a) the Peloponnese
Peninsula, the islands of Kythira and Antikythera, and the
western end of the island of Crete in the southwest; and (b)
Turkey and the islands of Rhodes, Karpathos, and Kasos,
and the eastern end of the island of Crete in the southeast
(Figure 1).
The Aegean Sea is divided into three physiographic
regions: the northern Aegean Sea, including the North
Aegean Trough; the central Aegean islands, shoals, and
basins; and the southern Aegean Sea, including the Cretan
Trough (Figure 1). The dominant bathymetric feature
in the northern portion of the Aegean Sea is the North
Aegean Trough. It forms a 800–1200-m-deep narrow and
arcuate bathymetric depression extending from Saros Bay
with a WSW trend, swinging to a southwesterly trend
and widening toward the west. The central Aegean Sea
is characterized by a series of shallower (600–1100 m),
generally NE-trending depressions, including the North
Skiros, Euboea, Mikonos, and the North and South Ikaria
basins, and their intervening 100–300-m-deep shoals and
associated islands (Figure 1). The North Skiros Basin has
a maximum depth exceeding 1000 m and is separated
from the North Aegean Trough by 100–200-m-deep
shoals. The South Ikaria Basin is a >600-m-deep elongate
depression situated south of the island of Ikaria. The

Mikonos and North Ikaria basins occupy the southern
part of the central Aegean Sea north of the Cyclades
Islands (Figure 1) and have maximum depths of 800 m
and >1000 m, respectively. The Euboea Basin is relatively
shallower with maximum depths ranging between 600 m
and 700 m. The southern Aegean Sea is separated from the
central Aegean Sea by the arcuate Cyclades, a volcanic arc,
convex toward the south, dotted by numerous islands and
shoals extending from the southern tip of Euboea Island
to southwestern Turkey (Figure 1). The Cretan Trough
is a large, 1000–2000-m-deep generally E–W-trending
depression, occupying the southernmost portion of the
Aegean Sea north of Crete.
The continental shelves surrounding the Aegean Sea
are generally 5–25 km wide, but they widen considerably
to 65–75 km off the mouths of the Meriç, Nestos, Strymon,
Axios, Aliakmon, Büyük Menderes, and Küçük Menderes
rivers (Figure 1).
3. Methods
Five long piston cores and their trigger-weight gravity
cores were collected from the Aegean Sea during the 2003
cruise MAR03 of the RV Koca Piri Reis of the Institute of
Marine Sciences and Technology, Dokuz Eylül University
(Figure 1; Table 2). Piston cores were collected using a
9–12-m-long Benthos corer with 1000 kg of head weight.
A 3-m-long gravity corer was used as a trigger weight.
Core locations were determined using the onboard GPS
receiver. Water depths at the core sites were determined
using a 12-kHz echo-sounder.
Cores were shipped to Memorial University of
Newfoundland, where they were split and described.
Sediment color was determined using the Rock Color
Chart published by the Geological Society of America
in 1984. Cores were systematically sampled at 10-cm
intervals, for various multiproxy data. At each sampling
depth, a 2-cm-wide ‘half-round’ core sample (~20 cm3) was
removed from the working halves of the cores. The outer
edge of this sample was scraped to avoid contamination
and the sample was then divided into two subsamples: an
~7 cm3 subsample for organic geochemical/stable isotopic

Table 2. Location and water depth of cores used in this study. A = Length of piston core, B = length of gravity core, C = amount of core
top loss during coring, D = length of the composite core. Navigation was obtained using a Global Positioning System.
Core

Latitude

Longitude

MAR03-02

38°03.97´N

26°22.30´E

A

B

C

D

(cm)

(cm)

(cm)

(cm)

776

86

37

813

Water depth (m)
398

MAR03-03

37°51.72´N

25°49.17´E

580

50

24

604

720

MAR03-25

37°10.36´N

26°26.55´E

604

25

25

629

494

MAR03-27

38°18.68´N

25°18.97´E

952

106

80

1032

651

MAR03-28

39°01.02´N

25°01.48´E

726

165

100

826

453
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analyses, and an ~13 cm3 subsample for inorganic stable
isotope analyses and planktonic foraminiferal studies. Four
foramininferal samples were radiocarbon dated (Table 3).
For oxygen isotopic analyses, the planktonic
foraminifera Globigerinoides ruber and the benthic
foraminifera Uvigerina mediterranea were used. For a few
samples, where G. ruber was absent, Globigerina bulloides
was picked instead. For planktonic foraminifera, the
oxygen and carbon isotopic values of both G. ruber and G.
bulloides are plotted using different colors and scales (see
Appendices 1 and 2). There are 30 samples in which both G.
ruber and G. bulloides were analyzed: these samples show
a clear and remarkably consistent offset. In the appendices
the oxygen and carbon isotopic data were replotted (the
middle column; Appendices 1 and 2) by shifting the G.
bulloides curve by ~1 per mil, but clearly showing a separate
scale for G. bulloides for clarity. Then a pseudocomposite
section was created, but showing the isotopic values for
both G. ruber and G. bulloides tests with different horizontal
scales and colors. This pseudocomposite plot is carried
forward into those figures, which require the oxygen and
carbon isotopic records of cores M03-27 and M03-28. The
reader is reminded that (with separate isotope scales and
colors) two species were used in these two cores. In each
sample, 15–20 G. ruber and 4–6 U. mediterranea (or 15–20
G. bulloides) tests were hand-picked from the >150 µm
fractions, cleaned in distilled water, and dried in an oven
at 50 °C. The foraminiferal samples were then placed in 12mL autoinjector reaction vessels. The reaction vessels were
covered with Exetainer screw caps with pierceable septa
and were placed in a heated sample holder held at 70 °C.
Using a GC Pal autoinjector, the vials were flushed with
ultrahigh-purity He for 5 min using a double-holed needle
connected by tubing to the He gas source. Sample vials
were then manually injected with 0.1 mL of 100% H3PO4
using a syringe and needle. A minimum of 1 h was allowed
for carbonate samples to react with the phosphoric acid.
The samples were analyzed using a triple collector Thermo
Electron Delta V Plus isotope-ratio mass spectrometer.
Reference gases were prepared from three different
standards of known isotopic composition using the same
methods employed for the unknown samples, and they
were used to calibrate each run. The δ18O and δ13C values
are reported with respect to the Pee Dee Belemnite (PDB)
standard.
The amount of TOC was determined using a CarloErba
NA 1500 Elemental Analyzer coupled to a Finnegan MAT
252 isotope-ratio mass spectrometer. Sediment samples
were acidified using 30% HCl and then thoroughly rinsed
with distilled water. Carbonate-free residues were dried
in a 40 °C oven and then powdered. A known amount of
sample was transferred into 4–6-mm tin capsules, which
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were then sealed. TOC in the sediment powders was
converted to CO2, SO2, H2O, and other oxidized gases
in the oxidation chamber and then passed through a
reduction reagent, a Mg(ClO4)2 water trap, and a 1.2-m
Poropak QS 50/80 chromatographic column at 70 °C for
final isolation. The TOC concentrations in the samples
were backcalculated as percentages of the dry weight of
sediment.
4. Results
4.1. Lithologic units
On the basis of internal sedimentary structures, TOC
contents, and color, several lithologic units are identified
in the Aegean Sea cores (Figures 2–4). These units are
labelled as ‘A’ through ‘I’ from top to bottom. A stratigraphic
framework was established using the oxygen isotope
curves in the cores (Figure 2) and the occurrence and
stratigraphic positions of sapropels and volcanic ash layers
(Figure 3; Aksu et al. 2008). The oxygen isotopic curves
and ash layers provide synchronous markers, whereas
lithostratigraphic boundaries including those of sapropels
may be diachronous. Throughout the cores, sapropels are
distinguished by their comparatively darker colors and
their TOC contents, which are significantly higher than
the background levels. However, a quantitative threshold
is not considered as a prerequisite for sapropel designation
(Table 1). Instead, a sapropel is recognized when the organic
carbon content is twice the background level measured
in underlying and overlying sediments. Macroscopically,
both sapropel and nonsapropel sediments are composed
of slightly to moderately burrowed, sand-bearing muds
and silty-muds. The sand fraction is mainly composed
of volcanic tephra and biogenic remains, including
foraminifera, pteropods, and bivalve and gastropod shells.
Lack of evidence for resedimentation (e.g., graded beds,
sand-silt to mud couplets), the paucity of terrigenous
sand-sized material, and the ubiquitous presence of
bioturbational mottling throughout the cores collectively
suggest that the sediment was deposited predominantly
through hemipelagic rain.
Unit A is composed of yellowish to dark yellowish
brown (10YR5/4-10YR4/2) to light olive gray (5Y5/2)
color- and burrow-mottled foraminifera-rich calcareous
mud (Figure 4). The TOC content is low, ranging from
0.4% in core MAR03-25 to 1.2% in core MAR03-02 (Figure
4). Unit A contains an ash layer disseminated in fine mud
(Figures 2 and 4). Based on geochemical fingerprinting,
this ash layer is identified as the Z2 tephra originating from
the Minoan eruption on the island of Santorini (Aksu et
al., 2008).
Unit B consists of dark color-banded clayey mud,
which includes frequent small sharp-walled Chondrites
burrows with oval-shaped cross sections (Figure 4). It

İŞLER et al. / Turkish J Earth Sci

3

Figure 2. Downcore plots showing the lithostratigraphic units (A through I), total organic carbon (TOC) contents, and the variations in
oxygen isotope values (δ18O) in the Aegean Sea cores. Red and blue lines are the δ18O values in planktonic foraminifera G. ruber and G.
bulloides, respectively, and aquamarine lines are the δ18O values in benthic foraminifera U. mediterranea. MIS = Marine isotopic stages.
Black fills = Sapropels, red fills = volcanic ash layers (from Aksu et al., 2008). Core locations are shown in Figure 1.

is distinguished from overlying/underlying units by its
distinct darker olive gray color (5Y4/1 and 5Y3/2). Unit
B has a sharp base and varies in thickness from 9 to 56
cm. The organic carbon content of this unit varies from a
minimum value of 1.1% in core MAR03-02 to a maximum
of 3.0% in core MAR03-25. TOC contents are generally
higher within the lower portion of the unit and gradually
decrease toward the top, with an average of 1.5%–2.0%.
Based on its consistent stratigraphic position throughout
the cores situated between the ash layers Z2 and Y2 (see
below), its deposition during MIS 1 as determined from
oxygen-isotope profiles, and its high organic carbon
content, Unit B is correlated with sapropel S1 as defined
in the Aegean Sea and the eastern Mediterranean Sea
(Geraga et al., 2010; Hennekam et al., 2014).
Unit C consists of burrow-mottled foraminiferabearing calcareous clayey mud, displaying color variations
from medium gray (5GY5/1) to light brown/neutral gray

(5Y6/1, 5GY6/1; Figure 4). The TOC content generally
remains <0.5%. Unit C contains three tephra layers (Aksu
et al., 2008): (i) the Y2 tephra associated with the Cape
Riva eruption on the island of Santorini (i.e. the Akrotiri
eruption), (ii) the Y5 tephra related to the Campanian
Ignimbrite eruption of the Phlegran Fields of the Italian
Volcanic Province, and (iii) the Nisyros tephra associated
with the Nisyros eruptions on the island of Nisyros.
Unit D is a 13–59-cm-thick, burrowed, foraminiferabearing dark calcareous mud showing occasional color
banding (Figure 4) in tones of olive gray, changing in a
patchy manner from darker (5Y3/2) to lighter (5Y4/2 and
5Y5/2) tones. Unit D has sharp tops and bases in the cores.
The main trace fossil is Chondrites. The TOC content in
the cores ranges from 1.1% to 3.2%.
Unit E is a pale-colored, mostly yellowish gray (5Y7/2)
foraminifera-bearing and small-shell-bearing burrowed
calcareous mud with a significant thickness variation
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clay
silt

Figure 3. Correlation of ash layers (red) and lithostratigraphic units across the Aegean Sea cores. Ash layers Z2,
Y2, Y5, Nis, X1 (red fills) are from Aksu et al. (2008). Sapropels are shown as black fills with S1, S3, S4, and S5
designations. Global oxygen isotopic stage boundaries are from Lisiecki and Raymo (2005). Sapropel ages are from
Hilgen (1991b). S6 and S7 are not penetrated in the Aegean Sea cores considered in this paper. Core locations are
shown in Figure 1.

Figure 4. Lithological units in the Aegean Sea cores. Details of the core colors are given in the text. Core locations are
shown in Figure 1.
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ranging from 40 cm to >140 cm (Figure 4). The TOC
content of this unit ranges between 0.4% and 0.7% (Figure
2). In cores MAR03-02 and MAR03-25, Unit E includes
an ash layer disseminated in mud, interpreted as the X1
tephra, originating from the Aeolian Islands of Italy (Aksu
et al., 2008).
Unit F is composed of Chondrites-burrowed and
mottled foraminifera-bearing mud with few primary
internal sedimentary structures (Figure 4). It is olive gray
in color (5Y 4/2, 5Y3/2, 5Y2/2). The TOC content of this
unit varies from core to core, ranging from 0.8% in core
MAR03-03 to as high as 9.4% in core MAR03-28, with an
average TOC content of 2.7% (Figure 2).
Unit G is composed of color-mottled foraminiferabearing mud burrowed by Chondrites traces (Figure 4).
Color ranges from yellowish gray (5Y7/2) to yellowishorange (10YR 8/6). The TOC content of the unit ranges
from 0.4% to 0.9%.
Unit H is only present in cores MAR03-28 and
MAR03-03, where it is composed of olive black (5Y2/1)
to dark olive gray (5Y2/2) mud. It displays faint parallel
laminations with no obvious burrows. This unit contains
the highest TOC content, reaching 12.7% at its middle in
core MAR03-28. In cores MAR03-28 and MAR03-3, the
average TOC is 9.5% and 6.2%, respectively (Figure 2).
Unit I is only present in cores MAR03-03 and MAR0328 (Figure 4). It is composed of calcareous mud with colors
ranging from olive gray (5Y4/1) to medium gray (5GY5/1).
The TOC content of the unit ranges from 0.4% to 0.7%.
4.2. Oxygen isotopes
The downcore variations of δ18O values in planktonic
and benthic foraminifera reveal similar trends in the
cores (Figure 2). The upper portions of all the cores are
characterized by depleted δ18O values, ranging between
0.3‰ and 0.7‰ in G. ruber and 2.2‰–2.7‰ in U.
mediterranea. Traced downcore, there is a prominent
boundary where both planktonic and benthic foraminiferal
δ18O values display ~2.5‰ enrichments (Figure 2), which
are ascribed to the last glacial to present-day interglacial
transition (i.e. MIS 2/1). Immediately below the MIS
2/1 transition there is an interval where the δ18O values
remain notably enriched at values of 2.5‰–3.5‰ in G.
ruber and 3.0‰–4.5‰ in U. mediterranea (Figure 2). This
prolonged heavy δ18O interval is correlated with MIS 2.
Across Unit C the δ18O values display large fluctuations
(Figure 2). At the base of Unit C, there is an interval where
the δ18O values are notably enriched, ranging between
3.2‰ and 3.9‰. The oxygen isotopic values in this
interval are comparable to those identified in MIS 2. This
heavy δ18O interval is correlated with MIS 4. A zone of
high amplitude excursions is observed immediately above
MIS 4, shifting the δ18O curves by 2.2‰ in G. ruber in
core MAR03-27 and by 0.8‰ in U. mediterranea in core
MAR03-02. This interval is correlated with MIS 3.

At the base of cores MAR03-28 and MAR03-03 there
is an interval where the δ18O values are notably depleted,
reaching δ18O values of ~0.0‰ and ~2.1‰ in G. ruber and
U. mediterranea, respectively (Figure 2). These values are
similar to those identified for MIS 1 at the top of all five
cores. On the basis of its stratigraphic position and δ18O
values, this lower interval is assigned to MIS 5. The δ18O
values exhibit relatively large enrichments and depletions
across Units H through D (Figure 2). These fluctuations
are tentatively correlated with oxygen isotopic substages 5a
through 5e.
5. Depth-to-age conversion
The cores were converted from depth domain to time
domain using a number of age control points (Figure 5;
Table 4). The control points include (i) points determined
by curve matching of the oxygen isotope signals from the
cores with those in the global oxygen isotope curve, and
(ii) beds/units for which the ages are well constrained,
including the most recent sapropel layer S1 and the tephra
layers Z2, Y2, and Y5. Conventional radiocarbon ages
(yrBP) gathered from previous studies were converted to
calibrated calendar ages (cal yrBP; Tables 3 and 5) using
the IntCal Marine04 curve (Hughen et al., 2004), the
online version of Calib 5.02 (http://calib.qub.ac.uk/calib/),
and a reservoir correction (ΔR) for the Aegean Sea of 149
± 30 years (Facorellis et al., 1998).
The following discussion is based on the assumption
that the range of age uncertainty is ±350 years (Casford
et al., 2007). Tephra layers Z2 (3613 cal yrBP), Y2 (21,554
± 484 cal yrBP), and Y5 (39,280 ± 110 cal yrBP) are used
as age control points (Figure 5; Table 4; Aksu et al., 2008).
The onset and termination ages of the most recent sapropel
S1 are well constrained by 14C dating (Table 5; Aksu et al.,
1995; Geraga et al., 2000; Mercone et al., 2000; Casford et
al., 2002; Rohling et al., 2002; Roussakis et al., 2004; Gogou
et al., 2007; Kotthoff et al., 2008). Thus, the onset (9900 cal
yrBP) and termination (6600 cal yrBP) of the well-dated
sapropel S1 are also used as age control points (Table 4).
During the depth-to-age conversion, age control points
were positioned in the middle of disseminated tephra
layers; distinct tephra layers were ‘collapsed’ by assigning
the same age to their tops and bases.
6. Discussion
6.1. Sedimentation rates
Downcore sedimentation rates were calculated using the
age control points and intervening thicknesses (Figures 6
and 7). The highest mean sedimentation rates of 9.8 and
11.8 cm/ka are found in the Euboea (MAR03-27) and
North Ikaria (MAR03-02) basins, respectively (Figures 6
and 7). In the Mykonos Basin (MAR03-03) and the North
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Figure 5. Age control points (in 1000s of years) used for the depth-to-age conversion of the multiproxy data in the
Aegean Sea cores. Triangular arrows are those obtained from the known ages of top/base S1 and the tephra layers Z2,
Y2, and Y5. Other arrows identify age control points determined by matching of the oxygen isotope curves with the
global curve (see Table 4). Red and blue lines are the δ18O values in planktonic foraminifera G. ruber and G. bulloides,
respectively, and aquamarine lines are the δ18O values in benthic foraminifera U. mediterranea. Global oxygen isotopic
curve and isotopic stage boundaries are from Lisiecki and Raymo (2005). Red fills = Volcanic ash layers (from Aksu et
al., 2008). Red numbers with arrows are calibrated radiocarbon ages (see Table 3). Core locations are shown in Figure 1.

Skiros and South Ikaria basins (MAR03-28 and MAR0325) average sedimentation rates range between 4.7 cm/
ka and 6.4 cm/ka, respectively. The results show that the
lowest sedimentation rates occurred during MIS 4 and
MIS 5, ranging from 3.9 cm/ka at 123 ka to 4.9 cm/ka at 57
ka, and that they increased during MIS 3, from 4.5 cm/ka
to 9.7 cm/ka between 60 ka and 39 ka, further increasing
into the early part of MIS 2 (Figures 6 and 7). Multisensor
track density logs from core MAR03-28 show no downcore
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increase in density (İşler, 2012); thus, the observed increase
in the sedimentation rate cannot be related to a downward
increase in compaction. Besides, previous studies in
Pleistocene sediments show that differential compaction
is not a critical factor for the upper 100–500 m of the
sedimentary column (Hegarty et al., 1988).
6.2. Chronology
The correlation of the δ18O plots with the global oxygen
isotopic curve shows that sapropels and sapropelic muds

İŞLER et al. / Turkish J Earth Sci
Table 3. Uncalibrated and calibrated AMS 14C ages in foraminiferal samples. Radiocarbon ages were converted into calibrated calendar
years (cal yrBP) using the IntCal Marine04 curve with default reservoir correction of 408 years and the program Calib5.0.2 (Hughen et
al,. 2004a; http://calib.qub.ac.uk/calib/). A local reservoir age correction (ΔR = 149 ± 30 years) was used for the Aegean Sea (Facorellis
et al., 1998).
14C Age

Calendar age

(yrBP)

(cal yrBP)

Foraminifera

39470 ± 1050

42860 ± 796

BE246398

460

Foraminifera

>45000 ± 1050

47717 ± 1127

BE246399

320

Foraminifera

32960 ± 280

36300 ± 325

OXFORD-AX

500

Foraminifera

35910 ± 370

39933± 445

OXFORD-A22427

Core

Depth (cm)

Material

MAR 03-28P

340

MAR 03-28P
MAR 03-25P
MAR 03-27P

Laboratory

Table 4. Control points used in the construction of the chronology for the Aegean Sea cores. The ages of the marine isotope stages
(MIS) are from Lisiecki and Raymo (2005), the ages of the tephra layers are from Aksu et al. (2008), the ages of sapropel S1 are from
İşler et al. (unpublished data) and Table 5, and other calibrated radiocarbon dates are from Table 3.
Control points

Age (years)

MAR03-28

MAR03-02

MAR03-03

MAR03-25

MAR03-27

Depth (cm)

Depth (cm)

Depth (cm)

Depth (cm)

Depth (cm)

Z2 tephra

3613

40

80

33

20

40

S1top

6600

65

125

51

50

104

S1base

9900

102

181

66

81

113

MIS1/2

14000

120

220

80

110.5

142

MIS2 max

18000

141

259

100

138

180

Y2 tephra

21554

161

286

113

190

245

14C date

36300

-----

-----

-----

320

-----

14C date

39933

-----

-----

-----

-----

500

Y5 tephra

39280

310

425

151

324

495

14C date

42860

340

-----

-----

-----

-----

MIS 3/4

57000

460

574

353

410

760

MIS 4/5

71000

496

597

381

438

860

MIS 5.2

87000

560

640

425

480

-----

MIS 5.4

109000

672

783

531

-----

-----

MIS 5.5

123000

710

-----

571

-----

-----

MIS 5/6

130000

750

-----

600

-----

-----

in Units D, F, and H coincide with substages of MIS 5
(Figure 8). Previous studies also showed that sapropels
S3, S4, and S5 developed, respectively, during marine
isotopic stages 5a, 5c, and 5e in the eastern Mediterranean
Sea during times of climatic amelioration and enhanced
runoff (Rossignol-Strick, 1985; Emeis et al., 2003). The
presence of bioturbational structures in the cores (Figure
4) and the variations in the average sedimentation rates
require further consideration of the error ranges that must
be attached to the ages of sapropels S3, S4, and S5. For
example, the average sedimentation rate in core MAR0302 is 9.8 cm ka–1; thus, if there is ~10 cm bioturbation
in the cores, this thickness in core MAR03-02 represents
1052 years. The error estimates for sapropel ages range

from ±434 years in core MAR03-27 (Euboea Basin) to
±1063 years in core MAR03-03 (Mykonos Basin). The
oldest sediments recovered from the cores have an age of
131,800 ± 781 yrBP in core MAR03-28 and 130,800 ± 1063
yrBP in core MAR03-03, indicating that sediments in Unit
I were deposited during the latest stages of the transition
from MIS 6 to MIS 5 (Figure 8; Table 6).
With errors considered, the onset of sapropel S3 is
constrained to 84,263–82,137 yrBP in core MAR03-03
(Mykonos Basin) and 80,834–79,966 yrBP in core MAR0327 (Euboea Basin; Figure 9; Table 6). Onset ages appear to
cluster within a time interval of 84,263–79,966 yrBP and
overlap between 80,400 and 83,200 yrBP (Figure 9; Table
6). Similarly, the onset of sapropel S4 is constrained to
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Figure 6. Depth versus age plots and interval sedimentation rates for the Aegean Sea cores. White circles are age control points
(see Table 4). The pale red circle and the red dashed line respect the literature age of the Nisyros tephra, but this age is not used in
this paper because it is believed to be erroneous (İşler, 2012). Ash layers Z2, Y2, Y5, Nis, X1 (red fills) are from Aksu et al. (2008).
Sapropels are shown as black fills with S1, S3, S4, and S5 designations. Core locations are shown in Figure 1.

B

B

B

B

B

D
F
G
I

G

H
I

Figure 7. Age-converted plots showing the variations in sedimentation rates in the Aegean Sea cores, smoothed
to eliminate instantaneous rate changes at control points. Ash layers Z2, Y2, Y5, Nis, X1 (red fills) are from Aksu
et al. (2008). Sapropels are shown as black fills with S1, S3, S4, and S5 designations. Global oxygen isotopic stage
boundaries from Lisiecki and Raymo (2005). Core locations are shown in Figure 1.
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Figure 8. Age-converted plots showing the variations in the δ18O values in planktonic foraminifera G. ruber (red lines) and G. bulloides
(blue lines) and in benthic foraminifera U. mediterranea (aquamarine lines). Global oxygen isotopic curve and isotopic stage boundaries
are from Lisiecki and Raymo (2005). Red fills = Volcanic ash layers (from Aksu et al., 2008). Core locations are shown in Figure
1. Northern hemisphere (NH) summer insolation index at ingigajoules (GJ) 35°N (redrawn from http://www.people.fas.harvard.
edu/~phuybers/Inso/index.html). Monsoon index is from Rossignol-Strick and Paterne (1999). Numbers to the right of the monsoon
index are maximum values at precession minima. Obliquity (red) and precession (blue) are from Berger (1976). Ash layers Z2, Y2,
Y5, Nis, X1 (red lines) are from Aksu et al. (2008). Sapropels are shown as black fills with S1, S3, S4, and S5 designations. Global MIS
boundaries are from Lisiecki and Raymo (2005).

106,580–105,020 yrBP in core MAR03-28 (North Skiros
Basin), 106,381–104,819 yrBP in core MAR03-25 (South
Ikaria Basin), 106,863–104,737 yrBP in core MAR0303 (Mikonos Basin), and 106,926–105,874 yrBP in core
MAR03-02 (North Ikaria Basin). The estimates overlap in
the interval 106,400–105,600 yrBP (Figure 9; Table 6). For
sapropel S5, onset occurred sometime between 129,180
and 127,620 yrBP in core MAR03-28 (North Skiros Basin)
and between 129,663 and 127,537 yrBP in core MAR03-03
(Figure 9).
The narrow age ranges for the onset of MIS 5 sapropels
seem consistent with their synchronous development,

starting at 83.2–80.4 ka (S3), 106.4–105.6 ka (S4), and
128.6–128.4 ka (S5). The calculated sapropel termination
ages are more disparate, particularly for sapropels S3 and
S4, ranging, respectively, from 70,020 yrBP (core MAR0328, North Skiros Basin) to 77,633 yrBP (core MAR03-25,
South Ikaria Basin) and from 93,874 yrBP (core MAR0302, North Ikaria Basin) to 101,663 yrBP (core MAR03-3Mykonos Basin) with an offset between different cores and
basins of ~7.7 ka (Figure 9; Table 6). The termination age
for sapropel S5 is constrained to 121,780–120,749 yrBP
in core MAR03-28 and 124,663–122,537 yrBP in core
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Table 5. Ages of the top and base of sapropel S1 at a variety of locations in the Aegean Sea, organized in pairs for each site. Radiocarbon
ages in calibrated calendar years (cal yrBP) were converted using the IntCal Marine04 curve with default reservoir correction of 408
years and the program Calib5.0.2 (Hughen et al,. 2004a; http://calib.qub.ac.uk/calib/). A local reservoir age correction (ΔR = 149 ± 30
years) was used for the Aegean Sea (Facorellis et al., 1998). A = Original radiocarbon dates in yrBP, B = error in ±years, C = lower ages
in cal yrBP derived from Calib5.0.2, D = upper ages in cal yrBP derived from Calib5.0.2, E = median ages in cal yrBP, F = extrapolated
ages for the top and base of sapropel S1 using column E ages and sedimentation rates for the deposits between the dated material and
the sapropel contact. The data suggest that the ages of the top and base of sapropel S1 are 6600 and 9900 cal yrBP.
Age control points

A

B

C

D

E

F

Source & location

15 cm above top S1

6580

70

6800

7010

6920

7134

Top

Zachariasse et al., 1997

15 cm below base S1

9640

80

10239

10435

10348

10134

Base

Skopelos Basin

Top S1

6570

45

6828

6980

6904

6904

Top

Kotthoff et al., 2008

Base S1

9205

55

9653

9884

9769

9769

Base

Athos Basin

5 cm below top S1

5810

40

5990

6136

6066

4737

Top

Geraga et al., 2005

4 cm above base S1

8750

70

9167

9377

9258

10321

Base

Myrtoon Basin

5 cm below top S1

7840

40

8068

8217

8155

7917

Top

Roussakis et al., 2004

5 cm above base S1

9030

60

9466

9609

9542

9780

Base

North Skiros Basin

Top S1

6300

60

6494

6660

6584

6584

Top

Jorissen et al., 1993

Base S1

8300

70

8527

8760

8649

8649

Base

Adriatic Sea

Top S1

6400

60

6621

6787

6703

6703

Top

Perissoratis, Piper, 1992

Base S1

9200

80

9605

9897

9771

9771

Base

North Aegean Sea

230 cm below base S1

16930

140

19408

19600

19545

7545

Top

İşler et al., 2008

502 cm below base S1

26100

250

31340

9962

Base

North Skiros Basin

9820

70

Z2 tephra
2.5 cm below base S1

10450

10602

Z2 tephra
12 cm below base S1

Top

Aksu et al., 1995, 2008

Base

North Aegean Trough

3113

6151

Top

Aksu et al., 1995, 2008

10185

Base

North Skiros Basin

80

11936

12279

12103
3113

6836

Top

Aksu et al., 1995, 2008

9830

70

10462

10618

10541

10002

Base

South Skiros Basin

3113

4932

Top

Aksu et al., 1995, 2008

11019

10077

Base

South Ikaria Basin

Z2 tephra
7 cm below top S1

6276
10171

10860

Z2 tephra
6 cm below base S1

3113
10531

10190

70

10919

11153

13.75 cm below top S1

7950

60

8196

8336

8267

6860

Top

Casford et al., 2007

2.25 cm below base S1

9330

57

9890

10113

9983

9765

Base

Central Aegean Sea

1.5 cm below top S1

6445

55

6672

6831

6756

6647

Top

Casford et al., 2007

5.5 cm above base S1

8400

50

8689

8909

8790

9952

Base

SW Aegean Sea

11.5 cm below top S1

7480

60

7712

7867

7795

7043

Top

Casford et al., 2007

11.5 cm above base S1

9010

70

9442

9599

9525

10277

Base

Karpathos Basin

MAR03-03 (Figure 9). Hence, S5 termination occurred
during the time interval 123.6–121 ka.
The age variations, particularly for sapropels S3 and
S4, might result from a scarcity of age control points to
accurately date sapropel tops. However, sapropel S3 in
cores MAR03-28 and MAR03-03 and sapropel S4 in cores
MAR03-28 and MAR03-02 are noticeably thicker than
their counterparts in the other three cores, requiring a
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three-times increase in sedimentation rates to develop
this greater thickness if the duration of accumulation was
the same at all sites. It is believed to be more likely that
extended durations for the accumulation of sapropels S3
and S4 in the North Skiros, Mykonos, and North Ikaria
basins are genuine. These prolonged durations in these
three basins, and perhaps in other basins of the Aegean
Sea, probably occurred because of hindered bottom-water
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Table 6. Calculated ages, in years, of sapropels S3, S4, and S5 in
the Aegean Sea cores compared to those identified in core LC21
from the Cretan Trough (Grant et al., 2012).

exchange between basins (i.e. bottom-water stagnation).
Such basin seclusion was previously proposed by Zervakis
et al. (2004), who postulated that, during stagnation
periods, the North Skiros Basin below the 400-m water
depth was isolated from the other basins of the central
Aegean Sea.
The differences in the timing of sapropel termination
are least for S5 (4.4 ka) and greatest for S4 (7.8 ka) and S3
(7.6 ka) (Figure 9). Such differences can be attributed to the
intensity of environmental changes that took place during
sapropel formation and the response felt in various the
Aegean Sea basins. For instance, during the last 130 ka, the
most intense environmental changes occurred at the time
of sapropel S5 deposition, which is manifested by high-

S4

S5

MAR03-02

Onset median

82,800

106,400 -------

(error ±781)

Onset maximum

83,326

106,926 -------

Onset minimum

82,274

105,874 ------

End median

76,600

94,400

-------

End maximum

77,126

94,926

-------

End minimum

76,074

93,874

-------

Onset median

83,200

105,800 128,600

(error ±1063) Onset maximum

84,263

106,863 129,663

Onset minimum

82,137

104,737 127,537

End median

72,600

100,600 123,600

End maximum

73,663

101,663 124,663

MAR03-03

Figure 9. Calculated ages for the onset and termination for
sapropels S3, S4, and S5. Also shown are the previously published
sapropel ages: L = Lourens et al. (1996), H = Hilgen et al. (1993),
M = Muerdter et al. (1984), CV = Capotondi and Vigliotti (1999),
La = Langereis et al. (1997), Ma = Martinson et al. (1987), RP =
Rossignol-Strick and Paterne (1999).

S3

End minimum

71,537

99,537

MAR03-25

Onset median

81,600

105,600 -------

(error ±781)

Onset maximum

82,381

106,381 -------

Onset minimum

80,819

104,819 -------

End median

76,800

97,800

-------

End maximum

77,581

98,581

-------

End minimum

76,019

97,019

-------

MAR03-27

Onset median

80,400

-------

-------

(error ±434)

Onset maximum

80,834

-------

-------

Onset minimum

79,966

-------

-------

End median

74,000

-------

-------

End maximum

74,434

-------

-------

End minimum

73,566

-------

-------

Onset median

MAR03-28

122,537

80,600

105,800 128,400

(error ±1063) Onset maximum

81,381

106,581 129,181

Onset minimum

79,819

105,019 127,619

End median

70,800

96,200

121,000

End maximum

71,581

96,981

121,781

End minimum

70,019

95,419

120,749

Onset

82,950

100,950 121,280

End

86,140

108,600 128,390

LC21

amplitude abrupt shifts in the oxygen-isotope values and
the presence of S5 throughout the eastern Mediterranean
Sea. These intense climatic alterations must have affected
the entire Aegean Sea synchronously (or nearly so),
resulting in relatively more clustered sapropel termination
times. On the other hand, during the deposition of
sapropels S3 and S4 the environmental conditions leading
to sapropel formation were comparatively less intense so
that their effectiveness (e.g., sustainability, prolongation)
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throughout the Aegean Sea was most likely controlled by
the physiography of the basins (e.g., basin morphology and
proximity to source) and might have caused significant
variations in sapropel durations from basin to basin.
A critical issue in the determination of the chronology
of sapropel onset and termination ages is the reliability of
picks of the lithological boundaries of sapropel units in the
cores. It is widely understood that the tops of sapropel beds
may be oxidized by downward diffusion of oxygenated
bottom waters after conditions of bottom-water anoxia
or dysoxia have abated. This ‘burndown’ effect has been
reported to completely destroy sapropel beds, leaving only
a few telltale signs of their former existence (e.g., Löwemark
et al., 2006). The presence (or absence) of a burndown
front was not determined in this study, although primary
features like presence/absence of pinstripe compositional
lamination and bioturbation are consistent with the picks
of sapropel tops reported in this paper.
A 13.5-m-long core from the Cretan Trough, LC21
(Figure 1), recovered a nearly continuous succession of
Pleistocene–Recent sediments from the southern segment
of the Aegean Sea (Casford et al., 2002, 2003, 2007; Rohling
et al., 2002; Marino et al., 2009; Grelaud et al., 2012). This
core includes the most recent sapropel S1 as well as MIS 5

sapropels S3, S4, and S5 (Satow et al., 2015), where the age
of sapropel S5 is determined to be 123.8–119.2 ka (Grelaud
et al., 2012). The age of onset for sapropel S5 in the Cretan
Trough is considerably younger than the 128.6–128.4 ka
onset suggested in this study (Table 6).
6.3. Power spectra of the data
Many previous studies point to the relationship
between monsoonal maxima, sapropel formation, and
astronomically controlled insolation cycles, and they
suggest that sapropels are generally associated with times
when perihelion falls in boreal summer (i.e. precessional
minima; Figure 10). This configuration causes enhanced
summer insolation and, accordingly, higher seasonal
contrast in the northern hemisphere, resulting in strong
atmospheric pressure differences over land (low pressure)
and sea (high pressure). It has been argued that this
difference leads to moisture-laden surface air flow from
ocean to land and as the air rises and cools over the land it
releases its vapor as rain (e.g., monsoonal rains).
Spectral analysis was performed on several multiproxy
variables to determine the frequency spectra of the data
gathered from the Aegean Sea cores and to see if there is
a clear precessional signal in the multiproxy data (Figure
11). The short time series make the use of spectral analysis

Figure 10. Aegean Sea sapropels compared with global proxies: stacked global δ18O curve from Lisiecki and Raymo (2005), precession
of the earth orbit from Berger (1976), astronomical monsoon index as defined by Rossignol-Strick et al. (1998) and Rossignol-Strick
and Paterne (1999) where the blue vertical dashed line defines the minimum suggested for a sapropel deposition, and winter monsoon
index. S1 to S12 are eastern Mediterranean sapropels, and MIS 1 to MIS 13 are marine isotope stages as defined by Lisiecki and Raymo
(2005). Arrows show sapropels identified in the Aegean Sea cores.
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difficult, with the lower frequencies (older ages) being
poorly represented in the results. Nonetheless, the oxygenisotope data show a 41-ka peak in the temporally longest
cores MAR03-28 and MAR03-03. The TOC and total
sedimentary sulfur data clearly show a strong 23-ka peak
in both cores. Comparison of the sapropel record with
variations in precession cycles during the last 150 ka shows
that the Aegean Sea sapropels S3, S4, and S5 coincide with
times of precessional minima, during which summer
insolation maxima occurred in the northern hemisphere
(Figure 8). Comparison of sapropel chronologies suggests
that the times of onset of sapropels S4 and S5 predated
those observed in the eastern Mediterranean Sea by
several thousand years (Figure 9). For sapropel S3, the
calculated onset times are consistent with the age of its
eastern Mediterranean counterparts (Figure 9; Table 6).
Multiproxy data collected in five long piston cores
from the Aegean Sea reveal the following points:

•

•

The TOC content and oxygen isotope stratigraphies
clearly demonstrate the presence of MIS 5 sapropels S3,
S4, and S5 in the Aegean Sea basins. The omnipresence
of sapropels S3 and S4 in all five cores and the
occurrence of S5 in two cores with the longest records
(North Skiros and Mikonos basins) demonstrate that
the Aegean Sea experienced sapropel deposition in
harmony with the eastern Mediterranean Sea.
The initiation of sapropels S4 and S5 in the Aegean
Sea largely predates the onset of deposition of the
corresponding units in the eastern Mediterranean
Sea. In the Aegean Sea, the ages range from 106.4 to
105.6 ka and from 128.6 to 128.4 ka, respectively. The
overall age range for the initiation of sapropel S3 (83.2–
80.4 ka) agrees well with its eastern Mediterranean
counterparts. However, calculated ages for S3 in the
northernmost cores show several thousand years
of lag when compared with time constraints for the
corresponding eastern Mediterranean sapropel.

Figure 11. Spectral analysis results for three parameters in the Aegean Sea cores MAR03-28 and MAR-03-03 expressed as the
natural logarithm of the variance as a function of frequency (cycles/year). Red lines = high-frequency spectrum (1/3 of the
samples), aquamarine lines = low-frequency spectrum (1/8 of the samples). Horizontal and vertical bars (forming a small cross)
are bandwidth and 80% confidence intervals, respectively. Age labels (e.g., 23 ka) and arrows mark peak periodicities significant
at an 80% confidence level.
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•

The sapropel initiations were abrupt, whereas the
timing of sapropel terminations was controlled both
by the amplitude of paleoclimatic changes and the
physiography/location of the basins. However, the
impact of sapropel burndown-fronts cannot be ruled
out and might partly account for apparent differences
in the ages of terminations.
• Sedimentation rates in the Aegean Sea basins range
between 4.7 and 11.8 cm/ka with the highest rates
being observed in the Euboea and North Ikaria basins
(11.8 and 9.8 cm/ka, respectively).
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Appendix 1. Details of the raw oxygen isotopic data in cores MAR03-27 and MAR03-28, showing
the construction of the pseudocomposite plot. Red and blue symbols and lines are the δ18O values in
planktonic foraminifera G. ruber and G. bulloides, respectively. Note that there are two scales in each
graph. The pseudocomposite plot (column in far right) is carried forward into figures that require the
oxygen isotopic records of cores MAR03-27 and MAR03-28.
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Appendix 2. Details of the raw carbon isotopic data in cores MAR03-27 and MAR03-28, showing
the construction of the pseudocomposite plot. Red and blue symbols and lines are the δ13C values in
planktonic foraminifera G. ruber and G. bulloides, respectively. Note that there are two scales in each
graph. The pseudocomposite plot (column in far right) is carried forward into figures that require the
carbon isotopic records of cores MAR03-27 and MAR03-28.
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